The La Negra Formation consists mainly of thin-bedded porphyritic sheet flows, frequently exhibiting amygdaloidal and flow-breccia tops interbedded with thin pyroclastic and epiclastic layers (lithic arenites). Dikes and small-sized stocks of basic to intermediate composition cross-cut the volcanic pile, being interpreted as feeder channels of the effusives. The Jurassic volcanism appears to be predominantly subaerial, but locally exposed pillow lavas and thin intercalations of fossiliferous limestones indicate that Jurassic volcanism was in part submarine in nature (Buchelt and Tellez 1988) .
Geology of the Mine Area
The Susana copper deposit is related to a partly mineralized hydrothermal breccia pipe with an associated set of lense-like to tabular orebodies ("mantos"). The mineralized system is hosted by a sequence of basaltic to andesitic flows and Soto and Dreyer 1985) . 1 La Negra Formation; 2 volcaniclastic layers; 3 stratiform orebodies; 4 Ore breccia; 5 Susana breccia; 6 dolerite dike; 7 basaltic dike; 8 gabbroic stock; 9 mylonitized dike; 10 dacitic dike The Susana Copper (-Silver) Deposit in Northern Chile . Dikes and stocks, in the majority posterior to mineralization, intrude the mine area. K-Ar radiometric dating of a dolerite dike cross-cutting the volcanic pile (Astudillo 1983) shows that the Susana volcanic sequence is at least Upper Jurassic in age (154±8 Ma). The breccia pipe is roughly circular to ovoid in cross-section ( 150 x 170 m at the surface) with minimum vertical dimensions of 300m as indicated by diamond drilling (Fig. 3) . Emplacement has been nearly perpendicular to the bedding of the volcanic pile. Breccia boundaries are commonly abrupt.
Clasts are mainly basaltic to andesitic volcanics with occasional dolerite fragments corresponding to a 10 to 15-m-wide dike outcropping directly south of the pipe. Dc!~rite fragments from a few em up to 5 m across are locally clustered near the contact between pipe and dike rock.
The pipe-like body is subdivided into a barren major part containing only accessory amounts of sulfide minerals (Susana Breccia of Soto and Dreyer 1985) and a western arcuate flank carrying ore-grade mineralization in its matrix (Ore Breccia). Apart from mineralization the Susana Breccia and the Ore Breccia are distinguished by their texture, matrix composition, and alteration mineralogy.
Susana Breccia
Angular to subangular fragments are generally very poorly sorted ranging in size from below 1 mm up to 5 m (Fig. 4a) . Rounded fragments are subordinate and scattered throughout the column. A modal size is difficult to assign, but the majority of fragments are in the range from 5 to 30 em. Open space prior to partial or complete cementation by hydrothermal gangue is estimated at 10 to 15 vol OJo. The matrix consists of finer-grained fragmental material including local patches of rock flour, open-space filling minerals, and scattered, small masses of a gray porphyritic-vesicular igneous matrix of intermediate compesition. Chemical analyses of the rock show low CaO and very low K 2 0 but high Na 2 0, suggesting that no unaltered material was encountered (Wolf 1990) . Based on average contents of Si0 2 and petrographic analysis, the igneous matrix may be classified as of andesitic composition. It contains abundant, millimeter-sized phenocrysts of pink to orange-colored plagioclase which is completely albitized. Euhedral plagioclase may be bent and sheared and often shows corrosion by a fine-grained groundmass consisting of albite microlites, sphene, titanomagnetite, and fine veinlets and patches of chlorite. No primary mafic minerals are observed, but part of the chlorite may have been derived by the alteration of such phases. The andesite is hard to distinguish from wall-rock fragments within the pipe, hence values for its proportion of the structure can only be estimated at about a few percent. The andesitic matrix frequently contains subrounded fragments of volcanic wall rock, but also occurs in disaggregated masses. Such an The Susana Copper (-Silver) Deposit in Northern Chile 323 occurrence, coupled with the bent and sheared structure of plagioclase, provides evidence that the magma was plastic during brecciation and upward when movement of breccia material took place.
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The Susana Breccia is commonly clast-supported and may be locally porous, exhibiting vugs a few millimeters up to 10 em across, which may be lined by specularite, chlorite, and calcite.
A slight vertical gradation in fragment size, matrix volume, and porosity is characteristic of this breccia. Towards the top of the pipe an increase of matrix volume accompanied by less average clast size occurs. Accumulation of blocks exceeding 1 m in diameter and higher amounts of igneous matrix at the bottom and towards the interior of the pipe are internal features of this breccia. Decrease of fragment size towards the interior of the pipe has not been observed and inwarddipping tabular slabs are only relictic, but may be largely destroyed by the intrusion of a microgabbro. Soto and Dreyer (1985) suggest both collapse of marginal megaclasts and central ascent of fine-grained material (including scoria) and volatiles released from a high-level magma as the breccia formation mechanism. The angular shape of fragments, mixing of rock types, local occurrence of rock flour, open vugs, and synbreccia igneous matrix point to an explosive nature of the system.
Ore Breccia
The Ore Breccia constitutes the most important orebody of the Susana deposit with respect to ore grade and tonnage. It is generally clast-supported with fragments ranging in size from below 1 mm up to 5 m. Compared with the Susana Breccia the Ore Breccia exhibits a marked increase of fragments in the range from 0.5 to 5 em. Rock flour is commonly absent within the upper 200m of the column. At the bottom of the pipe patches of rock flour occur in the pro tore. Breccia fragments were separated by 5 to 20 volOJo open space prior to complete cementation by gangue and sulfide minerals.
The shape of the fragments varies from subangular to rounded. Jigsaw texture (close-fitting fragment boundaries) is a widespread phenomenon (Fig. 4 b) but alternates with more turbid parts. Transitional stages between jigsaw and chaotic breccia are visible. Relative transport of fragmental material of the Ore Breccia is evidenced by mixing of clasts with different lithologies and shapes and downward displacement of fragments is estimated at some tens of meters by the distribution of dolerite clasts derived from a dike which is in fault-controlled contact with the breccia at its southern margin. Igneous matrix (i.e., an intrusive rock) is virtually absent along the upper 250m of the breccia column; however, a porphyritic basaltic rock of presumably intrusive nature containing breccia fragments has been found in a drill core below the 600-m level (Fig. 4c) . The drill core bottoms within the protore zone of the deposit show Ore Breccia parts alternating with the porphyritic rock. The intrusive rock forms both a nonbrecciated and disrupted matrix with phenocrysts of chloritized mafics and fluidally arranged plagioclase around lava fragments, suggesting a temporal association with the brecciation process. Both the breccia and the porphyritic basalt are hydrothermally altered to albite, chlorite, and sericite.
Little can be said about the role of the porphyritic unit on subsurface brecciation and mineralization without further geologic information from stratigraphically deeper levels of the deposit. However, the existence of a hydrothermally altered and mineralized igneous matrix within the breccia pipe is a newly described feature of this deposit.
Detailed underground mapping in late 1985 down to the 640-m level (above sea level) did not reveal fragments of Ore Breccia within Susana Breccia, or vice versa, except in clearly tectonized areas. Contacts between the breccias are generally nongradational and small interfingerings of Ore Breccia with Susana Breccia, as well as minor faults interpreted as sheet fractures (Soto and Dreyer 1985) at the contact between both breccias, may indicate that Ore Breccia emplacement closely followed Susana Breccia formation. Further evidence is given both by the appearance within the Susana Breccia rim of both reddish-pale, rounded clasts which are affected by strong albitization characteristic of the Ore Breccia and a specularitic halo that presumably represents a fringe of hydrothermal alteration connected with the mineralization processes in the Ore Breccia. Ore-forming fluids spread along marginal zones of the pipe, where open-space breccia due to collapse developed.
Volcanics and Stratiform Orebodies
As mentioned above basaltic to andesitic flows and intercalated volcaniclastics (70 °E/35 °NW} constitute the wall rock of the stratiform mineralization contained in the Susana deposit (In this chapter, "stratiform" refers to lensoid, relatively thin orebodies which are emplaced at outcrop scale essentially conformably with the stratification of their volcanic wall rock. No syn-genetic connotation is implicit herein.) Flow thicknesses range from 2 to 15m with the volcaniclastics reaching thicknesses up to 4 m. Flow morphology is characterized by sharp, lower contacts, often marked by a chilled base that contains thin bands of flattened amygdules grading upwards into compact, porphyritic lava. The upper parts of the flows are commonly vesicular to amygdaloidal and locally flow-brecciated. Amygdules vary in size from a few mm to 5 em and may be composed of chlorite, quartz, calcite, epidote, and various combinations of these minerals. Upper con- Continuous subaerial volcanism presumably piled up the Susana volcanic sequence. This assessment is supported by the lack of pillow structures and poor sorting and grading of the volcaniclastic horizons.
The stratiform mineralization forms numerous lense-like, elongated orebodies occurring in the upper porous levels of the flows and interlayered volcaniclastics ( 
Intrusive Rocks
On the basis of morphology, texture, composition, and relative age relations, at least seven varieties of intrusive rocks forming individual dikes, dike swarms, small stocks, and igneous matrix in the breccia pipe can be distinguished. With the exception of an amphibole-bearing dacitic dike all of the intrusive rocks are calc-alkaline to high-K calc-alkaline basalts and basaltic andesites (Wolf 1990) .
Dikes are preferentially related to NE-to EW-striking and southward-dipping faults, whereas stocks are bound to the more permeable breccia pipe structure. Emplacement of the intrusives has been nearly perpendicular to the bedding of the volcanic strata. Later tectonic displacement resulted in tilting of both the volcanic pile and the subvolcanic bodies, and some of the dikes remained completely sheared.
Relative ages of the i"ntrusive rock types are derived from geologic observations such as cross-cutting relations and from two whole-rock K-Ar ages (Astudillo 1983) . Problems in the stratigraphic interpretation of some of the dikes arise from lack of exposed contacts with other intrusives, and from the fact that most drilling at the time supplied only cuttings, making assessment of contact relations difficult. However, two broad but important categories could be defined for the variety of intrusive rocks at Susana:
1. Intrusive rocks that occur as breccia pipe material (whether igneous matrix or clasts), hence are interpreted to be pre-mineral or contemporaneous with the mineralization; 2. Intrusives that cut through orebodies and are therefore clearly post-mineral in age.
According to this scheme, individual intrusive bodies, except igneous matrices (see section on pipe rocks) will be described below.
Dolerite
Dike. An individual basaltic dike of 15m thickness is assumed to form the oldest intrusive rock in the mine area, since it contributes to the fragmental material of the breccia pipe in barren clasts a few centimeters to 5 m across. The dike yielded the oldest radiometric age available for intrusives at Susana (154+8 Ma; Astudillo 1983), which is also a maximum age for the copper mineralization. The dolerite dike mainly consists of randomly arranged, lath-shaped plagioclase up to 3 mm in size and porphyritic to subophitic-intergranular clinopyroxene (Wo36 En43 Fs 21 ). Plagioclase is strongly zoned with a core of labradorite and rims of andesine. A second generation of small greenish clinopyroxene lines plagioclase crystals, which may enclose a very fine-grained mesostasis of albite and hematite. Alteration is expressed by moderate to advanced sericitization of plagioclase cores and complete chloritization of early ferromagnesian minerals. Clinopyroxene is only incipiently chloritized along the grain boundaries. Veinlets of magnetite-hematite bordered by sodic plagioclase (Soto and Dreyer 1985) and interstices filled by albite and spines of hematite are characteristic of the dike near the orebodies. Apparently no introduction of copper minerals occurred, which is corroborated by the barren nature of dolerite clasts set in the strongly mineralized matrix of the Ore Breccia.
Basaltic Dikes. A group of porphyritic basaltic dikes ranging in thickness from 0.1 to 4 m cross-cut the breccia pipe complex and the volcanic pile. The dikes strike usually NE to EW and dip 60 o to 80 os, but may be also NS-oriented and apparently cross-cut each other. The dikes contain augite phenocrysts (Wo 42 _ 39 En 50 _ 46 Fs 12 _ 1 o) up to 4 mm and mm-sized plagioclase phenocrysts randomly to subparallel arranged in a groundmass of plagioclase, clinopyroxene, and chlorite. Augite is only incipiently chloritized at the grain boundaries but plagioclase is strongly albitized (Ano_2), with essentially no remnants of calcic plagioclase remaining in some thin sections analyzed. Locally, amygdules filled with chlorite, titanite, albite, epidote, and calcite occur. This type of alteration differs from the advanced sericitization of the early dolerite and from the alteration of late, stocklike intrusions by lack of strong albitization of the latter, and more closely resembles alteration assemblages associated with the breccia pipe rocks. Age relations of these dikes with other post-mineral intrusions at Susana are not clear, but the degree and type of alteration of these dikes, which are particularly abundant in the pipe area, point to an early post-mineral emplacement, probably in the waning stages of hydrothermal activity related with the breccia pipe.
Dacite Dike. A cream-colored dacite is the most felsic rock type known at the Susana deposit. The 12-to 15-m-wide tabular intrusion strikes NE (dip 60 °SE) and contacts with wall rock are sharp, but may be brecciated. It is composed of lath-shaped, strongly zoned hornblende up to 6 mm in length, abundant tabular plagioclase, and minor, corroded quartz set in a matrix of stubby feldspar and disseminated iron oxide minerals. Hornblende is essentially unaltered, except for rims of iron oxide. Plagioclase shows incipient to moderate sericitization and high sodium contents of the dacite (Wolf 1990 ) suggest albitic replacement of much of the feldspar. The dike cuts stratiform orebodies south to the breccia pipe, and is in turn offset and laterally displaced for 200 m by a completely sheared, presumably mafic dike, which parallels a major fault of the deposit.
Microgabbro. A stock-like microgabbro being emplaced at the center of the breccia pipe is the volumetrically most important intrusive rock. The stock is about 90 x 60 m across from the surface down to the 640-m level. Considerable thickening towards depth is indicated by diamond drilling (Soto and Dreyer 1985) . Zoned plagioclase laths of 1 to 3 mm length (An62 _44), augite (Wo4t-38En4s-47Fst4-tt), and amphibole in subophitic-intergranular texture are the major constituents. Pseudomorphs of what might have been orthopyroxene or olivine are rare. Opaques are Fe-Ti oxide minerals. Contacts with the breccia pipe rocks are sharp and marked by a 2-m-wide rim within the microgabbro exhibiting porphyritic plagioclase and em-wide pink feldspar-pyroxene-quartz-iron oxide veinlets. Alteration is expressed by incipient to moderate sericitization of calcic plagioclase cores and chloritization of primary mafics with clinopyroxene only weakly altered. K-Ar radiometric dating (Astudillo 1983) of the microgabbro (149±4 Ma) gave a minimum age for the copper mineralization at Susana. The microgabbro is cut by a late basaltic plug which ranges in thickness from below 1 m at the surface up to 20m across at the 640-m level. The texture is strongly porphyritic with partly sericitized labradorite (An 60 _ 50 ) and augite (Wo 41 _ 37 En 43 _ 42 Fs 21 _ 16 ) set in a groundmass of essentially plagioclase, clinopyroxene, and skeletal titanomagnetite.
Basaltic dikes and stocks at the Susana deposit are fine-to medium-grained rocks commonly displaying porphyritic and, to a lesser extent, subophitic-intergranular texture. Calcic plagioclase and augite are the dominant phenocryst minerals with altered orthopyroxene or olivine being subordinate. With the exception of the hydrothermally altered basaltic matrix of the Ore Breccia (see Sect. 2.2.2) no sulfide minerals have been found in all of the intrusive rocks at the Susana Mine. Emplacement of the intrusives has occurred at shallow levels, as indicated by textural comparison with the volcanic wall rock. Intrusive rocks show little compositional variation and are similar to the enclosing volcanics. Hence, they may be conceived as subvolcanic equivalents or feeder channels of the extrusives. Concentration of various shallow-level intrusions indicates the existence of a Jurassic (sub)volcanic center beneath the Susana deposit.
3 Ore Mineral Occurrences 3.1 Hypogene Mineralization
Ore Fabrics
Matrix infilling is the dominant structural type of the discordant sulfide mineralization within the Ore Breccia. Breccia fragments are generally barren of sulfides but may be mineralized by infilling of external amygdules or fine impregnations within hydrothermally altered clast rims, indicating an introduction of the ore minerals from the matrix. Within the stratiform orebodies, sulfides are found as amygdule infillings, impregnations, and short veinlets locally displaying "stockwork" structures. Replacement textures due to hypogene enrichment of copperrich sulfides on earlier formed copper-iron sulfides and pyrite are abundant in the lowermost stratiform orebodies at 200 m depth and are distinct in drill cores from the 600-m level of the Ore Breccia, where chalcopyrite replaces pyrite. Although only relictically preserved above the bottom of strong supergene enrichment at 260m depth, it is stated that hypogene enrichment was an important and widespread process in the ore-forming events at Susana.
The four basic structural types of mineralization described above are identical to those described by Losert (1974) for the stratiform mineralization of the Buena Esperanza deposit, with the exception that vein-type mineralization cross-cutting several flows is lacking at Susana. Although locally each of the structural types may occur alone at Susana mine, combinations are more common.
Paragenetic Sequence
The hypogene sulfide assemblage of both the discordant and concordant mineralization is represented by pyrite, chalcopyrite, bornite, digenite, and chalcocite. No silver minerals of hypogene origin have been found to date and silver is apparently associated with bornite-digenite and chalcocite.
Pyrite has been found to be an early sulfide constituent of the Ore Breccia matrix within the protore zone. Subidiomorphic to idiomorphic pyrite crystals up to 4 mm occur lining vesicles and rock fragments in the breccia pipe and in volcaniclastic strata. Pyrite is associated with albite, early quartz, chlorite, and gypsum that probably formed at the expense of hypogene anhydrite. Pyrite disseminations also appear within a porphyritic basaltic matrix of the lower Ore Breccia. Within the concordant mineralization pyrite forms subidiomorphic impregnations, veinlets, and amygdule infilling structures intergrown with quartz, albite, and gypsum in remnant zones of weak supergene alteration and/or hypogene replacement. Pyrite is free of mineral inclusions and has only been observed as replaced by hypogene and, more rarely, by supergene sulfides. Thus, it is considered to represent the oldest sulfide mineral within the Susana deposit. Pyrite is replaced by variable amounts of xenomorphic chalcopyrite (Fig. 4d) along grain boundaries and fracture surfaces. Above the 600-m level pyrite is nearly completely replaced within the Ore Breccia, being found only as minute inclusions (remnant pyrite) in chalcocite-(and related phases)-hematite associations (Fig.  4e) . Chalcopyrite is rarely preserved, occurring as a replacement mineral of pyrite in the lowermost manto horizons and at the base of the Ore Breccia. It does not contain phases other than remnant pyrite, and occurs together with sericite, pyrite, quartz, and chlorite at the base of the deposit; hence, chalcopyrite is thought to represent an early stage of hypogene copper enrichment at Susana.
Pink bornite is a minor constituent of the economic copper sections in the Susana deposit; however, traces of bornite in rich atacamite-chalcocite mineralization (CIMM 1984) and in sulfide concentrates (Chavez in Astudillo 1983) indicate an originally more widespread occurrence. Bornite forms impregnations and amygdule infillings in flow tops and volcanic breccias from the lower stratiform orebodies. Blue, slightly anisotropic digenite replaces bornite along grain boundaries and occurs in lancet-shaped aggregates which may represent replacement or oriented exsolution textures (Fig. 4f) . Further evidence for the exsolution of ironrich blue digenite form bornite comes from rare subgraphic textures, displaying myrmeketic digenite intergrown with bornite. Blue digenite is always intermediate between bornite and chalcocite and has not been observed in contact with pyrite or chalcopyrite. Remnants of bornite, which is replaced by blue digenite and/or chalcocite-djurleite-specular hematite, are interconnected by thin chalcocite veinlets, resembling "knotted" textures described by Losert (1974) on hypogene replacement of pyrite by bornite-digenite-chalcocite-hematite assemblages within the Buena Esperanza Mine. According to its texture, paragenetic position, and chemical composition, blue digenite from the Susana deposit is considered to be a hypogene mineral which formed penecontemporaneously with pink bornite.
Whitish-gray anisotropic chalcocite is the dominant copper sulfide mineral in both the concordant and discordant mineralization of the Susana deposit. It occurs in competent aggregates which are commonly coarse-grained, with individual grains exhibiting distinct cleavage fractures. Microscope examination indicates that chalcocite may show twinning textures, ranging from broad, partly lancetshaped to fine-lamellar (Fig. 49) . This texture presumably represents transformation lamellae originated by the paramorphic conversion of hexagonal chalcocite (stable up to 452 oc at 1 bar; Grace and Cohen 1979) into its low-T polymorph at 103 oc (Ramdohr 1969 ).
The occurrence of specular hematite intergrown with chalcocite is a widespread phenomenon throughout the economic copper mineralization (Fig. 4h) . It is suggested that much of this hematite is not supergene in origin but stems from iron released during multistage hypogene replacement of copper-iron sulfides. This assessment is based on the occurrence of abundant hematite intergrown with chalcocite which replaces bornite-digenite aggregates.
It may be concluded that the original distribution of copper-iron sulfides and pyrite was considerably greater than that now observed. Hence, the Susana sulfide paragenetic sequence is characterized by a progressive hypogene copper enrichment. Early pyrite has been subsequently replaced by chalcopyrite, bornite, minor digenite, and finally chalcocite. Hematite growth accompanied these processes.
Zoning
The assessment of a mineral zoning pattern for hypogene sulfides is difficult since hypogene ore minerals at Susana are largely obscured by strong supergene enrichment and subsequent oxidation of the orebodies. Hypogene sulfides are only well preserved below the 600-m level, where rich chalcocite mineralization abruptly changes into a pyrite-chalcopyrite assemblage, and in relictic zones within the Ore Breccia and the lower stratiform orebodies. Hypogene pyrite-chalcopyrite are clearly visible in a few drill cores from the base of the pipe, but do not attain ore grade (0.1-0.3 wtOJo Cu) and are considered here to represent the protore zone of the deposit. Astudillo (1983) and Soto and Dreyer (1985) report sporadic bornite within this zone. Pyrite and chalcopyrite are present only as relics above the main enrichment level, where chalcocite is the chief sulfide mineral. Remnant bornite and minor digenite from the bottom of the manto pile may indicate a stratigraphically intermediate position for the copper-iron sulfides with both phases almost completely replaced by chalcocite (and related phases) within the Ore Breccia. At the top of the mineralizing system chalcocite is first in abundance.
Vertical zoning is characterized by increasing amounts of copper sulfides towards the top of the pipe (hypogene enrichment). A similar ore distribution pattern has been described by Palacios (1986) for the Buena Esperanza deposit.
Supergene Mineralization
Intense supergene alteration led to the formation of considerable amounts of both copper oxide and secondary copper sulfide ore down to depths of 220 m below the present erosion surface.
The green copper oxychloride, atacamite, is the chief ore mineral in the zone of oxidation comprising about 90% of the oxide ore (Astudillo 1983), the remainder being chrysocolla with traces of supergene copper sulfates. Atacamite represents a secondary mineral produced through the weathering of sulfides precipitat- a All analyses by electron microprobe (ARL-SEMQ) using synthetic copper and copper-iron sulfides as standards. Average statistical error: Cu: S = ± 0.03. b Bx, Ore Breccia; Mt, Manto ore. c n, Number of analyses/grain. d cc, White "chalcocite" (includes chalcocite, djurleite, and anilite); dg, digenite. ed under conditions of high chloride ion activity, high Eh, and neutral to low pH at low temperatures (Rose 1976) .
Most copper oxides are bound to areas where sulfide mineralization at one time existed or still exists ("indigenous" oxide copper mineralization) indicated by remaining chalcocite-covellite-hematite spots (remnant enrichment). Oxide ore is characteristic of the upper 80 m of the pile (average oxide/sulfide ratios around 10; Martinez 1982), grading into "mixed ore" (average oxide/sulfide ratio down to the 675-m level around 5), which is developed down to 230m depth (600-m level). "Mixed ore" passes into a subjacent 5-to 15-m-thick chalcocite blanket that changes abruptly into pyrite-chalcopyrite mineralization of unknown vertical extent.
Results from electron microprobe analyses (Th.ble 1) show that much of the whitish-gray anisotropic chalcocite has compositions that are copper-deficient with respect to the ideal stoichiometric composition of chalcocite (Cu2S) and are similar to djurleite (Cu1. 93 _1. 96 S) and anilite (Cu1.7 5 S; chemical compositions from Potter 1977) . Analyses that are intermediate to these Cu/S ratios are considered to represent finely intergrown, variable mixtures of the low-T copper sulfides, as observed in natural samples elsewhere (e.g., Morimoto et al. 1969; Ripley et al. 1980; Goble 1981) . Djurleite was also detected by way of microprobe and X-ray diffraction analysis in samples from the 770-to 735-m level (CIMM 1984) .
Given the possibilities of chalcocite formation by hypogene replacement of earlier formed sulfides or by direct precipitation of the two modifications, hypogene chalcocite of various origins may be present within the Susana deposit. Additional chalcocite, djurleite, and anilite formed by supergene alteration must be taken into account when explaining the rich chalcocite mineralization of the Susana Mine. Such processes contributed to the fairly high copper grade ( > 5 OJo Cult between the 735-and 655-m level; Soto and Dreyer 1985) of the Ore Breccia and associated manto horizons.
Hydrothermal Alteration
Hypogene sulfide mineralization is confined to zones of distinct hydrothermal alteration. Textural and petrochemical evidence indicate that the volcanic sequence, as well as some of the intrusive rocks occurring in the mine area, have been affected by hydrothermal alteration processes, causing mainly albitization, chloritization, sericitization, and calc-silicate alteration of the wall rocks.
Hypogene ore minerals cementing open space of the Ore Breccia are invariably accompanied by wall-rock alteration halos developed both as bleached rims around breccia fragments and paralleling sulfide veinlets which penetrate into the clasts. Hypogene wall-rock alteration and ore mineral assemblages of the Ore Breccia and the stratiform orebodies are identical both in mineralogy and paragenetic order, suggesting the contemporaneous formation of discordant and concordant alteration-mineralization assemblages. This conclusion is substantiated by geologic evidence such as lack of fragmental material undoubtedly stemming from stratiform orebodies among the breccia pipe rocks down to 310m depth, and the temporal relation of ore deposition to post-mineral intrusive rocks, which is identical for both discordant and stratiform orebodies.
Alteration processes occurred in at least four stages (Wolf 1990} , and sulfide deposition took place from the early to the main stage of alteration. The alteration stages are characterized by the assemblages:
(1) Early stage I albite-pyrite-quartz-sericite-chlorite II : albite-magnetite-sphene-chlorite-epidote III : albite-andradite-augite-sphene-quartz-magnetite (2) Transitional stage : chalcopyrite-sericite-chlorite (3) Main stage : bornite-digenite-chalcocite-specularite-chlorite-calcite (4) Late stage : albite-sericite-chlorite-sphene.
The early stage closely followed the development of the breccia pipe structure, which acted as a feeder conduit for hydrothermal fluids, infiltrating also permeable tops of wall-rock lava flows and volcaniclastic interlayers. The early stage I assemblage is characteristic of the Ore Breccia below the 600-m level and within isolated bodies of rocks contained in the lowermost stratiform orebodies at approximately 200 m depth. The transitional stage is characterized by the occurrence of chalcopyrite that replaces pyrite (see Sect. 3.1.2). Chalcopyrite is accompanied by sericite, which overlaps and slightly post-dates early, pervasive albitization. The formation of fine-grained, white mica (sericite) is closely connected with the early stage I (ab-ser-py-qtz-chl) and transitional stage (ser-cp-chl) alteration assemblages, but is not enhanced during the deposition of main stage bornite and chalcocite, which are more frequently observed within albitized and chloritized wall rock.
Hydrothermal alteration of the low-grade to barren Susana Breccia (early stage II) is characterized by (in paragenetic order) albite-magnetite-?pyrite/chalcopyrite-sphene-chlorite and very minor epidote. The porphyritic igneous matrix of this pipe is also strongly albitized but trace element analyses (Wolf 1990 ) indicate a calc-alkaline andesitic composition for this rock type. The early stage II paragenesis is similar to the early stage I alteration assemblage developed within the Ore Breccia and stratiform orebodies, though sericite is rare and sulfides have not been detected in polished sections from the Susana Breccia during this study. However, Soto and Dreyer (1985) report sporadic pyrite-chalcopyrite and magnetite from the matrix of this breccia pipe. Geologic evidence indicates penecontemporaneous formation of both breccia lithologies within a single pipe. Hydrothermal alteration of the Susana Breccia is thought to represent a penecontemporaneous, temperature-dependent lateral mineral zonation related to the early stage I alteration developed along the Ore Breccia. Early stage II assemblages of the Susana Breccia have been only slightly modified by specularite and calcite deposition in the course of sulfide deposition (early and main stage) within the Ore Breccia. Albitization, chloritization, and formation of calc-silicate minerals is indicative of the uneconomic, though intensely altered part of the pipe. In this respect, Susana Breccia alteration is comparable to calc-silicatic alteration assemblages observed around stratiform orebodies (early stage III).
Calc-silicatie alteration runs parallel to and within the same stratigraphic horizons as stratiform mineralization, which exhibit early stage I assemblages, but may lack intensive replacement by main stage copper-iron sulfides; hence, calc-silicates are assumed to have formed contemporaneously with early pyrite and probably chalcopyrite deposition. Limits between the early stages I and III are sharp in outcrop and calc-silicatic alteration is developed up to at least 50 m outwards from stratiform orebodies; however, the outer limits of the calc-silicate zone were not exposed, and are presumably gradational. Calc-silicate minerals present include idioblastic garnet (andradite-melanite), acicular calcium-rich clinopyroxene and sphene. This early mineral assemblage occurs together with early quartz, martitized magnetite, and late chlorite and calcite filling voids in the matrix of strongly albitized volcaniclastic layers and small veinlets and vesicles in scoriaceous clasts.
No remnants of calc-silicate alteration typical of the volcaniclastics or the Susana Breccia matrix have been observed in fragments of the Ore Breccia pipe, and early stage III gar-cpx-qtz assemblages are absent in the Susana-Breccia clasts or matrix, suggesting the contemporaneous formation of the three early stages of hypogene alteration at Susana.
Calc-silicate minerals like the above are rock-forming minerals in many active geothermal systems worldwide (Bird et al. 1984) . Within such geothermal fields
The Susana Copper (-Silver) Deposit in Northern Chile 335 the distribution of calc-silicate minerals is characterized by a temperature-depth related zonation and represents the progressive dehydration of calc-silicate phases with increasing temperature (Brown 1978) . Garnets and clinopyroxenes are predominantly found at temperatures > 300 °C and may occur in the highest temperature portions of active geothermal systems at >350°C. Epidote is, besides zeolites, the most common mineral in many geothermal fields. Epidote is usually found in geothermal systems in which measured present temperatures or calculated paleotemperatures exceed 200° to 250°C (Bird et al. 1984) , and occur frequently in the range from 240° to 260°C; however, in some fields epidote occurs down to temperatures less than 100 oc (Tomasson and Kristmansdottir 1972, in Cole and Ravinsky 1984) , and Cole and Ravinsky (1984) report epidote from the Beowawe geothermal system, Nevada, at temperatures between 150° and 175°C.
Epidote is not found in the calc-silicate assemblages observed in wall rock of the stratiform mineralization and is also lacking within early and main stage alteration-mineralization assemblages; however, epidote is widespread in amygdules of the flows subjacent to stratiform orebodies and is abundant also on a districtwide scale. This epidote is well crystallized and is generally attached to chloritic rims that line amygdules, which are frequently filled by calcite or quartz.
Chlorite is a minor matrix phase in the lower temperature portion at 230 ° to 300 oc of the calc-silicate zone at the Cerro Prieto field, Baja California (Bird et al. 1984) , and is present at temperatures less than 150°C at Beowawe (Cole and Ravinsky 1984) . Thus, chlorite-epidote-calcite and/or quartz assemblages (in paragenetic order) within amygdules of the flows and of some post-mineral dikes at Susana are tentatively ascribed to a lower temperature alteration event probably representing regional metamorphism of the burial type.
Genesis
After an early volcanic-syn-genetic model (Ruiz et al. 1971 ), now widely discarded, epigenetic models have been developed to explain the origin of the volcanichosted copper deposits within the La Negra Formation. According to Losert (1974) , low-temperature hydrothermal alteration on a regional scale (specifically epidotization of basaltic volcanics), related to fluids derived from connate or circulating meteoric waters, led to the mobilization of primary trace copper contents from the volcanic series. Subsequent upward migration of copper to favorable porous horizons of the flows, accompanied by local-scale hydrothermal alteration would have formed the ore within the Buena Esperanza deposit. Intrusive activity of the underlying granitoid complexes and associated minor intrusives ("remote contact" control) would have provided heat and additional fluids. It should be pointed out that during Losert's (1974) investigations geologic reconnaissance of the Buena Esperanza Mine was limited to a part of the stratiform mineralization. Considerable amounts of discordant mineralization (within the matrix of a hydrothermal breccia pipe) were not exposed at that time. Sato (1984) in his review of the Chilean "manto-type" copper deposits took up Losert's ideas by postulating a burial metamorphic or diagenetic-hydrother-mal origin for a variety of copper deposits, including the Susana and Buena Esperanza Mines.
Low-grade metamorphism of the burial hydrothermal type in the Andes was first recognized by Levi (1969) in early Cretaceous volcanics from central Chile. Low-grade metamorphism of the zeolite, prehnite-pumpellyite or even greenschist facies have been reported by Losert (1974) from the vicinity of the Buena Esperanza Mine. Palacios (1978) divided the volcanics of the La Negra Formation, according to their mineral assemblages into four low-grade metamorphic zones occurring in north-south-trending parallel belts. However, regional metamorphic alteration of the Jurassic volcanic sequences is still being debated. Other workers yielded results indicating lack of low-grade metamorphism on a regional scale for the La Negra Formation (Buchelt and Zeil 1986a; Buchelt and Tellez 1988) . Although part of the alteration effects of the volcanics containing the Susana copper deposit resemble regional low-grade metamorphic alteration, burial metamorphism seems to have played a negligible role in hydrothermal alteration-mineralization processes at Susana. This assessment is based on the following observations:
1. Post-breccia dikes and stocks barren of sulfide mineralization exhibit only weak hydrothermal alteration (late stage), displaying relatively fresh primary Ca-rich plagioclase and clinopyroxene or amphibole phenocrysts (Wolf 1986 ). 2. The only subvolcanic intrusive rocks exhibiting strong hydrothermal alteration (albitization, chloritization, sericitization) are a prebreccia dolerite dike and porphyritic basaltic to andesitic matrices of the breccia pipe complex. Basaltic matrix has been found in intimate relation with early pyrite-chalcopyrite mineralization at the deeper levels of the Ore Breccia. 3. Calc-silicate alteration of volcanic wall rocks at Susana is similar to relatively bigh-T mineral assemblages described from many active geothermal systems, and is presumably formed at temperatures exceeding those of the relatively highest-grade metamorphic facies (epidote) of the La Negra Formation.
Thus, intense but spatially restricted hydrothermal alteration assemblages strongly suggest a relationship with localized magmatic sources. A close spatial and temporal relationship between the ore-forming and alteration processes, and associated subvolcanic intrusives, being emplaced as pre-and post-mineral dikes and stocks in the mine area, is indicated by geologic mapping of both the discordant and concordant orebodies and radiometric dating (Astudillo 1983) of the subvolcanic intrusives.
A genetic relationship between the copper mineralization and Jurassic subvolcanic-hydrothermal activity is favored. This hypothesis is supported by fluid inclusion data from hydrothermal quartz associated with the principal mineralization pulse within the similar Buena Esperanza deposit (Palacios this Vol.) , which indicate hypersaline compositions of the fluids (52-59 wtOJo NaCl equivalent) ranging in temperatures from 440°-500 °C.
